Abstract -A novel concept for the synthesis of polycyclic compounds via "zipper"-mode cyclic carbometallation reactions has been introduced. The Zr-promoted bicyclization-carbonylation of enynes can be highly diastereoselective, leading to the formation of stereoisomerically homogeneous bicyclic ketones. The reaction has been applied to a total synthesis of pentalenic acid with essentially complete control of stereo-and regiochemistry. In contrast to the Z a -p r o m o t e d methodology, whose applicability is limited to bicyclization, cyclic carbopalladation can repeat itself to produce three or more rings in one step, provided that P-elimination or other decomposition paths are not available. Alkynes and 1,l-disubstituted alkenes can serve as relay functionalities. With 1,l-disubstituted alkenes, however, the regiochemistry of cyclization can be complicated by cyclopropanation. Efforts have been made to delineate the scope of cyclopropanation. Finally, cyclic acylpalladation followed by intramolecular trapping by 0-enolates can give enol lactones via bicyclization. This bicyclization process has been applied to an expeditious synthesis of a tricyclic intermediate for a promising anti-ulcer agent U-68,215.
INTRODUCTION
Carbometallation' involves addition of a carbon-metal bond to an alkene or alkyne. As such, it represents both carbon-metal and carbon-carbon bond forming processes of fundamental importance (Table 1) .
Many metals, main group and transition metals alike, are known to participate in the process. The only essential requirement for facile and stereoselective carbornetallation appears to be the ready availability of a low-lying empty metal orbital, even though other factors, steric and electronic, undoubtedly play important roles. With an empty 
HOMO
The products of carbometallation reactions developed earlier, e.g., the Ziegler-Natta polymerization* and Wilke's cyclooligomerization of dienes? were mostly simple and highly symmetrical. Over the past few decades, however, carbometallation reactions and procedures applicable to the synthesis of complex and unsymmetrical molecules, e.g., Zr-catalyzed carboalumination" and carbocupration of alkynesIb and Pd-catalyzed substitution of alkenyl hydrogen with an aryl or alkenyl group: have been developed.
Of particular interest here are those cabmetallation processes that produce cyclic structures. Two fundamentally different types of processes may be considered for this purpose. One is to devise an intramolecular version of carbometallation, and the other is to make use of cabmetallation reactions of metal-carbene and metal-carbyne complexes as well as those of three-membered metallacycles (Scheme 2). Indeed, most of the known cyclooligomerization reactions of dienes' and alkynes' may be explained in terms of carbometallation of metallacyclopropanes and metallacyclopropenes. In this review, attention will be focused on the development of the "zipper-mode cascade cyclizarion via carbometallation leading to cyclic products as a new concept for construction of plycyclic structures.
DIASTEREOSELECTIVE ZIRCONIUM-PROMOTED BlCYCLlZATlON OF ENYNES -APPLICATION T O A TOTAL SYNTHESIS OF PENTALENIC ACID
In pursuit of a "pair"-selective and regioselective process for generating metallacyclopropenes and converting them into metallacyclopentenes according to Scheme 2, we developed and reported in 1985 a Zr-promoted bicyclization of enynes' (Scheme 3). Some other transition metals, such as Co; are also known to undergo similar cyclization predicted reactions. It may be safely predicted, however, that each will display its own unique scope and characteristics. For example, the Co-promoted bicyclization is currently useful only for a bicyclization-carbonylation sequence. On the other hand, the Zr-promoted reaction can produce organozirconium compounds which can be transformed into many different products. Subsequent studies by us*s9 and others including Buchwald," Nugent," Taber,lIb and Livinghouse'* have revealed the broad synthetic applicability and some surprisingly high levels of "pair"-, regio-, and stereoselectivities.
Scheme 3
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A couple of critically important pending items, as of a few years ago, were (i) to demonstrate the m e synthetic utility of the methodology through its application to asymmetric synthesis, either diastereoselective or preferably enantioselective, of natural products" and (ii) to devise synthetically ataactive catalytic processes. Following promising earlier especially the case of allylically oxygenated enynes,'" we have investigated in detail the stereochemistry of the Zr-promoted bicyclization of enynes 1-6. Although 3 and 6 were racemic mixtures, 1, 2, 4, and 5 were >98% e.e. The Sharpless kinetic resolution" using (+)diethy1 tartrate, T'i(OPr-i) ,, r-BuOOH, and molecular sieve 3 or 4A provided 1 and 2, even though our attempts to apply the same method to the resolution of the 4Pdimethyl derivative of 1 were unsuccessful. (+)-~Cimnellene (Fluka) was converted to 4 and 5 via ozonolysis, dibromomethylenation, elimination, and trealment with MqSiCI and MeI, respectively.
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The Zr-promoted bicyclization in all six cases proceeded in >90% diastereoselective manner, selectively producing the corresponding zimnabicycles in good to excellent yields. After carbonylation 7-12 were obtained in the yields indicated in parentheses based on 1-6." The high diastereoselectivity observed in the reaction of 4-6 appears to be largely steric in origin. Comparison of 9 with pentalenic acid (13) indicated that selective conversion of 9 into 13 would require fusion of the C ring onto 9 with control of the relative stereochemistry at the C-9 center. A survey of the literature revealed that conjugate addition of the lithio derivative of crotylphosphonates" would convert 9 into 14 but that there was no established procedure for effecting the conversion of 14 into 15. We have found that hydroboration of a$-unsaturated phosphonates followed by oxidation with 30% H,O, and NaOAc gives the corresponding ahydroxyphosphonates which can be cleanly converted to free aldehydes by treatment with refluxing methanolic NaHCO, Q. 1).
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Conversion of 15 into pentalenic acid was achieved as described previously. Throughout the synthesis essentially complete control of stereo-and regiochemistry was attained (Scheme 4). 
"21 P P E R " -M O D E C A S C A D E CAR BO PALL A D A T 1 0 N
The transition metal-catalyzed bicyclization reactions discussed above provide an attractive and efficient way of constructing not just one but two rings in one step. This mode of ring construction ("zipper"-mode) contrasts itself with a previously developed "crochet"-mode of ring construction of W. S. Johnson" and others (Scheme 5).
Scheme 5
W -m "Crochet"-mode multiple cydization "Zipper"-mode multiple cyclization --% Unfortunately, the bicyclization reaction of enynes, whether Co-promoted or Zr-promoted, is capable of producing only two rings in a step. With a notable exception of biogenetic polyketide cyclization," the "zipper"-mode cascade cyclization to produce three or more rings in one step does not appear to have been developed, much less recognized as a viable synthetic methodology. Nonetheless, we noted that the ability of carbometallation to repeat itself (vide supra) would be well-suited for developing such a methodology. Cyclic carbopalladation appeared to be a prime candidate for this purpose. We were further anracted by the simplicity of its retrosynthetic analysis and the inherently limited and hence simple nature of the synthesis of acyclic precursors.
Prior to our study, carbopalladation has been implicated in various reactions, such as the Maitlis-type alkyne cyclooligomerization'9 and the Heck-type addition-elimination reaction? During our investigation of the mechanism of acylpalladation (vide infra), we carried out a cyclic carbopalladation reaction to give a carbocyclem and noted that, However clean and amactive the results shown in Scheme 7 might be, they merely indicate the feasibility of the "zipper"-mode cascade cyclization. Clearly, a number of obstacles must be overcome before this methodology becomes useful in the consmction of complex natural products and related compounds, such as 17-19.
The "zipper"-mode cascade carbopalladation requires (i) relay functional groups for propagation and (ii) a terminating functional group, which not only terminates a cascade but must also induce regeneration of the A systematic study has indicated that the extent to which cyclopropanation occurs is a function of several factors including (i) the size of the desired ring, (ii) the nature, steric and electronic, of the alkenes including the one that is to act as a terminator, and (iii) conformational and stereoelectronic constraints associated with all possible competing carbopalladation processes. The following generalizations may be made based on the currently available data. 1) Alkenylpalladium species do not give cyclopropenes. 2) Six-membered ring formation is more readily competed by cyclopropanation than five-membered ring formation. 3) Highly substituted electron-deficient terminating alkenes do not readily undergo cyclic carbopalladation and hence tend to induce cyclopropanation. Some representative results are shown in Scheme 9.33
Scheme 9
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Although undesirable from the viewpoint of the "zipper"-mode cascade carbopalladation, the cyclopropanation reaction appears to offer some attractive synthetic possibilities. For example, vinylcyclopropane containing compounds, such as marasmane% (24) and marasmic acid" (25) may be prepared using this reaction.
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Cross Coupling as a Means of Termination. All of the casci.de cyclization processes presented above involve cascade termination via carbopalladation-dehydropalladation, i.e., the Heck reaction. We have, for quite some time, been aware that Pd-mediated cross co~pling'~ would convert alkenylpalladium intermediates into organic products (path A). However, our initial attempts using organozinc reagents as external trapping agents led mainly to a Dremature trapping (path B).% Our previous fmding that organozincs undergo Pd-catalyzed cross coupling much faster than other organometals, such as those containing Al, B. Sn, and Zr, suggested to us that, perhaps for the very reason, organozincs might actually be unsuitable for trapping which must not compete w i t h but follow cyclic carbopalladation. This indeed has been the case, and the use of arylaluminum, alkenylzirconium, and alkenyl-and alkynyltin derivatives has led to satisfactory results:' even though its application in the cascade caIbopalladation has not yet been performed (Scheme 10). 73% 4%
CYCLIC ACYLPALLADATION
We have previously reported that acylpalladium species generated in situ via carbonylation with CO can add intramolecularly to alkenes and alkynes to produce cyclic enones. Some representative early results are shown in 
0
These reactions most probably proceed via acylpalladation (Scheme 11). Except for the presence of CO, the required reaction conditions are usually the same as those for carbopalladation. So, the use of CO in cyclic carbopalladation can, in principle, introduce interesting ramifications that may complicate the overall reaction scheme on the one hand, but may also broaden the synthetic scope of carbopalladation on the other, if the coum of the reaction can be controlled in a predictable manner. Before making any predictions, however, observation of some facts must be made to increase our knowledge basis. 
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Trapping of Acylpalladium Species with 0-Enolates. The carbonylation reaction of 26 under the conditions identical to those for the reaction shown in Eq. 7 gave a totally different type of product, which has been identified as 27. 39 Although not yet fully clarified, the reaction must have taken the course outlined in Eq. 8. Three C-C and two C-0 bonds are formed in one step in a highly selective manner. A similar Oenolate trapping was also observed by us in an earlier study?& With the goal outlined above in mind, we recently carried out the transformation shown in Eq.
is surprisingly clean, and no other processes Seem to be competing with it.
This reaction

CONCLUSION
The results presented above indicate that the "zipper"-mode cascade carbometallation promoises to provide a novel and attractive methodology for the synthesis of polyfused compounds. Cyclic carbopalladation appears to be particularly well suited for this purpose. Its usefulness may be further reinforced by cyclic acylpalladation. A number of obstacles must still be overcome before this methodology may become tnlly useful, and a considerable amount of efforts are being expended toward that goal. Although our efforts to induce either diastereo-or enantioselective cyclic carbopalladation have been disappointing, it still remains as a worthy challenge. A few recent efforts by others4' toward this goal are noteworthy.
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For reviews on carbometallation, see (a) 
